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Abstract

Liver-fatty acid binding protein (L-FABP) is an abundant intracellular lipid-carrier protein. The hypothesis that
perfluorooctanesulfonate (PFOS), perfluorooctancate (PFOA), and certain related perfluorooctanesulfonamide-based
fluorochemicals (PFOSAs) can interfere with the binding affinity of L-FABP for fatty acids was tested. The relative
effectiveness of PFOA, PFOS, N-ethylperfluorcoctanesulfonamide (N-EtFOSA), N-ethylperfluorooctanesulfonamido
ethanol (N-EtFOSE), and of the strong peroxisome proliferator Wyeth-14 643 (WY) to inhibit 11-(5-dimethylamino-
napthalenesulphonyl)-undecanoic acid (DAUDA) binding to-L-FABP was determined. The dissociation constant
(Kd) of the DAUDA-L-FABP complex was 0.47 nM. PFOS exhibited the highest level of inhibition of DAUDA-L-
FABP binding in the competitive binding assays, followed by N-EtFOSA, WY, and, with equal IC4;s, N-EtFOSE and
PFOA. The in vitro data presented in this study support the hypothesis that these fluorochemicals may interfere with
the binding of fatty acids or other endogenous ligands to L-FABP. Furthermore, this work provides evidence to
support the hypothesis that displacement of endogenous ligands from L-FABP may contribute to toxicity in rodents
fed these fluorochemicals. © 2002 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

Perfluorooctanesulfonate (PFOS), perfluorooc-
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acids with highly hydrophobic and rigid perfluori-
nated carbon tails, and strongly polar sulfonyl or
carboxyl head groups, respectively. PFOS is the
terminal metabolite of N-ethylperfluorooctanesul-
fonamido ethanol (N-EtFOSE) (Gibson et al.,
1983) and potentially of all compounds in the
perfluorcoctanesulfonamide family, a group of
compounds that have been utilized in a wide range
of industrial and consumer applications (Banks et
al,, 1994). Treatment of rodents with PFOS,
PFOA, or N-EtFOSE causes decreased body
weight, increased liver weight, liver peroxisome
proliferation, reduced serum cholesterol and tria-
cylglycerol, and increased intracellular free fatty
acids and free cholesterol in the liver (Butenhoff
and Seacat, 2001; Tkeda et al., 1985, 1987; Kennedy,
1987; Haughom and Spydevold, 1992). These ef-
fects are also observed following administration of
certain hypolipidemic drugs, such as clofibrate
(Haughom and Spydevold, 1992), and the non--
oxidizable fatty acid analogues, long-chain 3-thia
fatty acids (Berge et al., 1989; Vaagenes et al.,
1998), which are established peroxisome prolifera-
tors in rodents. Decreased hepatic cholesterol ester
content, due to decreased 3-hydroxy-3-methylglu-
taryl-CoA reductase (HMG-CoA reductase) and
acyl CoA cholesterol acyltransferase (ACAT) ac-
tivities may be responsible for the observed hy-
polipidemia, via inhibition of very low-density
lipoprotein (VLDL) formation (Haughom and
Spydevold, 1992). PFOS, PFOA, and N-EtFOSE
are established peroxisome proliferators in rodents
(Tkeda et al., 1987; Haughom and Spydevold, 1992;
Sohlenius et al., 1993; Kennedy et al., 1998).
Liver-fatty acid binding protein (L-FABP) is a
14 000 Da cytosolic protein that binds endogenous
fatty acids (Appelkvist and Dallner, 1980). Hepatic
levels of L-FABP correlate with the rate of perox-
isomal B-oxidation (Appelkvist and Dallner, 1980).
Many peroxisome proliferators, including certain
fluorochemicals, bind L-FABP in vitro (Issemann
et al., 1992; VandenHeuvel, 1996), with relative
strengths of binding that parallel their ability to
elicit peroxisome proliferation (Appelkvist and
Dallner, 1980; Brandes et al., 1990; Kanda et al.,
1989; Kawashima et al., 1983; Cannon and Eacho,
1991). Induction of L-FABP by peroxisome prolif-
erators has been reported (Kawashima et al., 1983).

Many peroxisome proliferators, including
PFOA, have been shown to activate a family of
nuclear receptor transcription factors, called perox-
isome proliferator activated receptors (PPARsS),
which regulate the expression of genes involved in
lipid metabolism and are under investigation for
their role in certain chronic diseases (Biegel et al.,
1995; Desvergne and Wahli, 1999; Kersten et al.,
2000; Lake and Gray, 1985). Activation of PPAR«
1s necessary for the induction of peroxisome prolif-
eration in rats (Cattley et al., 1998). Some perox-
isome proliferators, including PFOA, have been
shown to activate PPARa by an apparent direct
binding mechanism (Ellinghaus et al., 1999; Mal-
oney and Waxman, 1999).

This study was designed to test the hypothesis
that PFOS, PFOA, and certain PFOSAs can inter-
fere with the binding affinity and/or capacity of
L-FABP for fatty acids. The characteristics of fatty
acid and fluorochemical binding to L-FABP at
equilibrium were investigated with an in vitro
fluorescent probe displacement assay using the
fluorescent fatty acid analogue 11-(5-dimethy-
laminonapthalenesulphonyl)-undecanoic acid
(DAUDA). PFOS, PFOA, N-EtFOSE, and N-
ethylperfluorooctanesulfonamide (N-EtFOSA)
were used as competitors. Wyeth-14643 (WY), a
non-fluorochemical ligand and well-known potent
peroxisome proliferator and hepatocarcinogen
(Biegel et al., 1995) was used as a comparator
compound. These studies were carried out with
L-FABP isolated from livers of untreated male rats.
Rats were chosen as the model species because they
are strong responders to peroxisome proliferators
(Elcombe and Mitchell, 1986). The maximum bind-
ing capacity of the L-FABP sample, the dissocia-
tion constant (Kd) of DAUDA binding to
L-FABP, and the concentration of oleic acid which
could inhibit fifty percent of specific DAUDA-L-
FABP binding (ICs,) were determined. The 1Cs.s
of the various fluorochemicals and WY were also
determined to examine the relative potencies of
each for inhibiting DAUDA-L-FABP binding.
These experiments were intended to provide evi-
dence to support the hypothesis that displacement
of endogenous ligands from L-FABP may con-
tribute to the mechanism of toxicity in rodents fed
these fluorochemicals.
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2. Materials and methods
2.1. Animals

Male rats, 6-8 weeks of age and weighing
between 150 and 250 g were purchased from
Charles River Labs, (Wilmington, MA). All ani-
mals were housed individually in controlled
environments.

2.2. Materials

WY was obtained from ChemSyn Science Lab-
oratories, Lexena, KS. PFOS, PFOA, N-Et-
FOSA, and N-EtFOSE were provided by the 3M
Company, St. Paul, MN. The bicinchoninic acid
(BCA) protein assay kit was obtained from Pierce
Chemical Company, Rockford, IL; and DAUDA
was purchased from Molecular Probes, Eugene,
OR. All other chemicals were obtained from
VWR Scientific, West Chester, PA. Structures of
the test compounds and DAUDA are shown in
Fig. 1.

2.3. Protein purification and characterization

Protein purification, performed at the Univer-
sity of California San Francisco (UCSF) Liver
Research Center, is briefly described as follows.
Approximately 10 g of liver were homogenized in
30%  (w/v) ice-cold potassium  phosphate
(KH,PO,) homogenization buffer (10 mM, pH
7.4) using a Teflon-glass Potter-Elvehjem tissue
homogenizer. The homogenate was then cen-
trifuged for 20 min at 10000 x g (4 °C). The
supernatants were collected and centrifuged for 1
h at 210000 x g (4 °C) in a Beckman L7 Ultra-
centrifuge. The supernatant was labeled with 0.5
uCi of 1-"C oleate and applied to a Sephadex
G50 M column (5 x 60 cm). The column was
equilibrated with 10 mM KH,PO, buffer (pH
7.4), cluted at a flow rate of 1.4 ml/min, and
collected in one-hundred 14.5 ml fractions. The
radicactivity of a 20 ul aliquot of each fraction
was counted in a Packard Tri-carb 4530 scintilla-
tion counter (Packard Instrument Co. Meridan,
CT) in 5 ml of Optifluor LSC-cocktail. Fractions
containing "C activity were pooled and concen-

trated to approximately 5 ml using an AMICON
YM-5 membrane (Amicon Corp., Lexington,
MA). The concentrated fractions were then sepa-
rated on a Sephadex G50 (fine) gel filtration
column (2.5 x 45 cm) equilibrated with 10 mM
KH,PO, buffer (pH 7.4) at a flow rate of 0.9
ml/min. Fractions (3.5 ml) containing radioactiv-
ity were pooled, concentrated to approximately 5
ml, and dialyzed overnight (3500 molecular
weight (MW) cut-off Spectrapore Membrane)
against 30 mM Tris—HCI buffer (pH 9). The
sample was then applied to a Whatman DE-52
DEAE-cellulose column (1.25x 15 or 2.5x 15
c¢m). The column was equilibrated and then eluted
with 30 mM Tris—HCl (pH 9) followed by a
linear gradient of NaCl (0-0.2 M) in 30 mM
Tris—HCI1 (pH 9) at 1 ml/min. Fractions (7.8 ml)

Perfluorooctane sulfonic acid (PFOS)

+

CFs—(CFa)—CF—5—0 K
0

Ammonium perfluorooctancate (APFQO)
o}

I
CFs—(CF2)e—C,
o

+

N-ethylperfluorcoctanesulfonamido ethanol (N-EtFOSE)
CH-CHg
CF3—(CF2)e~80—N_
CH~CH20H

N-ethylperfluorooctanesulfonamide (N-E{FOSA

M
CF3—(CF2)e—80—N_

CHy~CHy
Wyeth-14,643 (Wy)
Ct
VAR
oy H “SCH,COOH
Oleic Acid

CHy~(CHy)7-CH=CH—{CHy);-COOH

DAUDA
N(CHz);

40

OyNH(CH;),COOH

Fig. 1. Compound structures.
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containing radioactivity were pooled, concen-
trated and characterized by sodium dodecyl sul-
fate-polyacrylamide-gel electrophoresis analysis
(SDS-PAGE) on 15% polyacrylamide gels and
by liquid chromatography/electrospray tandem
mass spectrometry (LC/ESMSMS).

Aliquots of the purified protein were analyzed
using a Micromass Quattro II electrospray
tandem mass spectrometer (Beverly, MA). The
L-FABP was infused into the mass spectrometer
at an approximate concentration of 400 pmol/ul
in a 50/50 solution of methanol/2.5% acetic acid.
The capillary voltage was 2.99 kV and the cone
was maintained at 25 V. Data were collected in
the continuum mode and several scans were
summed to produce an ion series. The average
protein concentration of the L-FABP samples
was determined to be 123 + 13.7 pg/ml using the
Pierce BCA protein assay kit with BSA as the
standard.

2.4, Fluorescence emission spectroscopy

Fluorescence measurements were performed
according to previously published techniques
(Thumser et al., 1994a,b, 1996; Thumser and
Wilton, 1994, 1995; Wilkinson and Wilton,
1986) at room temperature in a SPEX 1681 0.22
m spectrometer (SPEX Industries, Inc. Edison,
NJ) using a slit width of 5 nm. A stock solution
of DAUDA, 0.1 mM, was prepared by slowly
adding nine volumes of 50 mM KH,PO, buffer
(pH 7.2) to a stock solution of 1 mM DAUDA
in methanol.

Maximum excitation and emission wave-
lengths (nm), and maximum fluorescence inten-
sity (FI) were determined by adding L-FABP
(0.1-3.0 uM) to 1 pM DAUDA until no further
change in emission wavelength (EX 350 nm, EM
350-600 nm), excitation wavelength (EX 250-
400 nm, EM 500 nm) or FI (EX 350 nm, EM
500 nm) were detected. The average maximum
FI (n=3 trials) was determined by plotting FI
versus L-FABP concentration.

Total binding of DAUDA to L-FABP was
determined by adding aliquots of 0.1 mM
DAUDA to 1 uM L-FABP and measuring FI in

arbitrary fluorescence units (FU). Non-specific
binding/fluorescence was assessed by saturating
L-FABP binding sites with excess oleic acid, ti-
trating with DAUDA, and measuring the FI fol-
lowing each addition of DAUDA. Specific
binding/fluorescence was determined by subtract-
ing non-specific binding from total binding.

Fluorescence values, determined by titration of
1 uM L-FABP with increasing concentrations of
DAUDA, were corrected for non-specific
DAUDA fluorescence and fitted to a hyperbolic
curve for evaluation using the Michaelis—Men-
ton equation:

1 P ¥S] 0
(Kd +[S])

In this equation, FIg is the specific fluores-
cence, [S] is the total DAUDA concentration
(UM), Pmax 18 the calculated maximum fluores-
cence, and Kd is the calculated Michaelis dissoci-
ation constant (uM). Specific binding was
transformed to units of bound DAUDA (uM)
by dividing FIg by fh.x per 1 uM DAUDA
using the following equation:

Bound DAUDA (uM)

B FI,
" (B ] 1M DAUDA)

2

2.5. Competitive binding experiments

The concentration of oleic acid that inhibited
50% of specific DAUDA binding (ICs,) was de-
termined for the L-FABP sample. 1C;5, values
for DAUDA binding to the L-FABP sample
were calculated for each fluorochemical, WY,
and methanol. The competitors, prepared as 1
mM stock (oleic acid in 10% methanol, fluoro-
chemicals, and WY in 100% methanol, and
methanol in 50 mM KH,PO,, pH 7.2), were
added in 0.4-20 ul aliquots to cuvettes contain-
ing 2 ml of 1 uyM L-FABP and 1 pM DAUDA,
and FI was measured as described above. The
percent inhibition of specific DAUDA binding
by each competitor (three to six trials) was cor-
rected for the effect of methanol and each 1Cs,
was then calculated.
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28 kd

14 Kd

Fig. 2. SDS-PAGE analysis. Fractions following purification
of L-FABP from rat liver cytosol. Representative of fractions
pooled for experimentation. The band at MW 14000 Da is
L-FABP and the band at MW 28000 Da is a presumed dimer.

3. Results

3.1. Homogeneity

Homogeneity of the purified L-FABP was
confirmed by SDS-PAGE showing a dominant
protein band at MW 14000 Da (Fig. 2). A second
protein band appeared at approximately 28000
Da, which was believed to be a dimer of L-FABP.
The LC/ESMSMS spectra showed a multiply
charged ion series of ten peaks, relatively free of
background noise (Fig. 3), from which a mea-
sured mass consistent with previously published
results (Gordon et al., 1983) of 14315 Da was
calculated.

3.2. Fluorescence characterization

The maximum excitation and emission wave-
lengths of the L-FABP sample were approxi-
mately 340 and 500 nm, respectively, and in
agreement with previously published results
(Wilkinson and Wilton, 1986; Thumser et al.,
1996). Shifting of emission wavelength from 330
to 340 nm and of excitation wavelength from 550
to 500 nm was seen upon addition of DAUDA to

L-FABP. Maximum FI (962199 + 14686 FU)
was achieved upon addition of 1 uM DAUDA to
1 uM L-FABP. Specific binding of DAUDA to
L-FABP represented approximately 90% of total
binding.

3.3. Affinity binding constant (Kd)

The average Kd for DAUDA-L-FABP binding
was 0.35+0.02 pM (z=3) and the data suggest
that DAUDA binds only one site on L-FABP.
These findings are in agreement with previous
work (Thumser et al., 1994b, 1996; Thumser and
Wilton, 1994, 1995).

3.4. ICs,'s

Each of the fluorochemical competitors, as well
as oleic acid and WY, lowered the maximum FI
and shifted the emission wavelength towards 550
nm, representing an inhibition of DAUDA-L-
FABP binding, as exemplified with PFOA as the
competitor (Fig. 4). Oleic acid (2 pM) inhibited
91% of specific DAUDA-L-FABP binding. The
1C5, of oleic acid was determined to be 0.01 pM.
Curves of percent inhibition of specific DAUDA
binding versus increasing competitor concentra-
tions show that PFOS was the strongest fluoro-
chemical inhibitor of specific DAUDA binding
(Fig. 3). Upon addition of 10 pM PFOS, 69% of
specific DAUDA-L-FABP binding was inhibited.
The calculated 1Cs, for PFOS was 4.9 pM. N-Et-
FOSA (10 pM) ihibited 51% of specific
DAUDA-L-FABP binding. The calculated 1Cs,
for N-EtFOSA was 9.7 uM. WY was comparable,
inhibiting 50% of specific DAUDA-L-FABP
binding at 10 pM and having an ICs, of 10 uM.
Upon addition of 10 uM of either N-EtFOSE or
PFOA, 43% of specific DAUDA-L-FABP bind-
ing was inhibited. The calculated ICsys for these
compounds were greater than 10 uM. A compari-
son of ICs, values can be found in Table 1.

4. Discussion

The LC/ESMSMS and SDS-PAGE results indi-
cate that the isolation method yielded a relatively

ED_002330_00120760-00005
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pure sample of L-FABP. The presence of the
dimer is not believed to have had any adverse
effect on the results.

The Kd for DAUDA-L-FABP binding was
equivalent to the Kds of 0.46 +0.04 uM (Thumser
et al., 1994a) and 0.38 £+ 0.02 uM (Thumser et al.,
1996) reported previously for recombinant wild
type rat L-FABP. The shifting of wavelength seen
upon addition of DAUDA to L-FABP is charac-
teristic of DAUDA binding to the secondary
(non-polar) site and not the primary binding site
on L-FABP (Wilkinson and Wilton, 1986; Thum-
ser et al.,, 1994a). In addition, precise conforma-
tional requirements are necessary for primary site
binding (Thompson et al., 1997). Thus, DAUDA
is believed to bind exclusively to the secondary
binding site on L-FABP.

The maximum percent inhibition of DAUDA-
L-FABP binding achieved with oleic acid under
the conditions used in this study was 91%. This 1s
slightly higher than the previously reported values
of 81, 87, and 76% for undetermined reasons
(Thumser et al, 1994b, 1996; Thumser and
Wilton, 1995). Two fatty acid binding sites exist
on L-FABP that interact allosterically. Oleic acid
is capable of binding to both the primary and
secondary L-FABP binding sites; and it is thought
that once a ligand has bound the primary site,
binding to the secondary site is facilitated
(Thompson et al., 1997). Crystal structures of
L-FABP prepared with oleic indicate that the
primary binding site is a completely internalized
site. When binding to this site, the carboxylate
head group of oleic acid forms hydrogen bonds
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Fig. 3. Electrospray mass spectrum for control rat L-FABP. Charge states are indicated next to the major peaks. Measured mass

of 14315 Da calculated for L-FABP.
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Fig. 4. Competitive inhibition of DAUDA-L-FABP binding by PFOA. PFOA(1 mM) was aliquoted into a solution of 1 pM
L-FABP and 1 uM DAUDA. Lowering of the maximum FI and shifting of the emission wavelength towards 550 nm represents an
inhibition of DAUDA - L-FABP binding. Arbitrary fluoresence units (FU). Key, 0 uM PFOA (a); 10 uM PFOA (b); 15 uM PFOA

(¢); 20 uM PFOA (d); DAUDA only (e); buffer only (f).

with Ser®, Arg'®?, and Ser'*, and the hydrocar-
bon tail loops into a U-shape around an external
hydrophobic region of L-FABP. A second oleic
acid is able to bind to the secondary binding site
with its hydrocarbon tail internalized and its car-
boxylate head group solvent-accessible. The oleic
acid head group at this secondary site is involved
in a network of hydrogen bonds with residues,
such as Lys®!, Tyr*, Ser®, and Asp®®, that form
the entrance to the primary binding cavity.

The relative potencies of L-FABP binding ex-
hibited by each fluorochemical cannot readily be
explained by differences in polarity and hydrogen
bonding ability. For example, PFOA, having a
very polar carboxylate head group, and capable
of extensive hydrogen bonding, had a higher ICs,
than N-EtFOSA, which has a less polar head
group and less ability to hydrogen bond. It is
thought that ligands for L-FABP need to have
both a hydrophobic and a hydrophilic domain

(Thumser et al., 1996). Each fluorochemical and
WY fits this description to varying degrees. It is
unlikely that the rigid fluorocarbon tail of the
fluorochemicals used in this study (Zisman, 1964)
would allow for the U-shape conformational re-
quirement for primary site binding (Thompson et
al., 1997), unless formed by branching of the
fluorocarbon tail. Interestingly, the fluorocarbon
tails of the fluorochemicals used in this study
consisted of approximately 20-30% mixed
branched isomers (Kestner T., unpublished). Fur-
thermore, oral dosing with mixed branched and
linear fluorochemicals has been shown to result in
a larger proportion of branched PFOS recovered
from liver and sera than in the starting material
(Hansen K.J., personal communication). Thus,
preferential absorption and/or retention of
branched fluorochemicals may occur, possibly due
to the binding of fluorochemicals to specific car-
rier proteins.
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Fig. 5. Inhibition of specific DAUDA - L-FABP binding by fluorochemicals and WY. Each competitor (1 mM) was aliquoted into
a solution of 1 pM L-FABP and 1 pM DAUDA. Curves represent an average of three to six trials corrected for the effect of

methanol which ranged from 2% inhibition at 1 pM to 21%

Binding of the highly polar sulfonate head
group of PFOS with the positively charged argini-
nes (Arg'?* and Arg'*%) of the primary binding
cleft of L-FABP cannot be ruled-out by the
present study. A mutation of the conserved inter-
nal Arg'?* at the primary binding site has previ-
ously been shown to result in insignificant changes
in binding of DAUDA to L-FABP (Thumser et
al.,, 1994a). This suggests a lack of notable ionic
involvement of the internal Arg'** residue in lig-
and binding, Therefore, polar interactions may
not predominate over the conformational require-
ments of the hydrophobic region of the L-FABP
primary binding site. The shifting of wavelength
and decrease in FI seen in the competition assays
are indicative of DAUDA being displaced from
the non-polar secondary binding site (Thumser et
al.,, 1994a; Wilkinson and Wilton, 1986). Thus,
secondary site binding of the fluorochemicals and
WY is supported by these data. However, to
investigate binding of fluorochemicals to the pri-

inhibition at 10 pM.

mary site and draw conclusions about in vivo
binding, a probe known to bind both sites, i.e.
radiolabeled oleic acid, would need to be used.
Table 2 compares the fluorescence inhibition
found with oleic acid, WY, and the fluorochemi-

Table 1

1C;, values

Competitor 1C4, value (uM)
Oleic acid 0.01

PFOS 4.9
N-EtFOSA 9.7

WY 10
N-EtFOSE >10

PFOA >10

The ICy; of oleic acid for L-FABP was calculated by adding
aliquots of oleic acid (1 mM in 10% methanol) to a solution of
1 uM L-FABP and 1 uM DAUDA. The 1C;, of each fluoro-
chemical and WY for L-FABP was calculated by adding
aliquots of competitor (1 mM) to 1 pM L-FABP and 1 pM
DAUDA.

ED_002330_00120760-00008
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Table 2
Comparison of fluorescence inhibition

Competitor Competitor Fluorescence
concentration inhibition
(nM) %)
Qleic acid* 2 9
Oleate® 5 87
Oleate® 2 76
Arachidonate® 2 73
PFOS? 10 69
Cholesteryl sulfate® 5 57
Taurolithocholate 5 56
3-sulfate®
Lithocholate® 5 54
Oleoyl-CoA® 2 52
N-EtFOSA? 10 51
WY? 10 50
PFOS? 5 49
Bilirubin® 2 43
N-EtFOSE* 10 43
PFOA* 10 43
N-EtFOSA® 5 33
wYy?* 5 33
LysoPE* 2 31
N-EtFOSE® 5 30
Cholesteryl 5 28
glucuronide®
PFOA® 5 26
Cholate® 5 13
Deoxycholate® 5 11
Chenodeoxy- 5 10
cholate®
4-Cholesten-3-one® 5 6
25-hydrocholesterol® 5 5
Ergosterol® 5 4
Cholesterol® 5 3

Comparison of fluorescence inhibition by oleic acid, fluoro-
chemicals, and WY to that of endogenous ligands. All assay
systems contained 1 pM L-FABP and 1 uM DAUDA.

& Current study.

b Thumser and Wilton, 1996.

¢ Thumser et al., 1996.

cal competitors in the current study to that of
endogenous L-FABP ligands under similar assay
conditions. According to these data, 5-10 pM of
the fluorochemicals can displace an equivalent
percentage of DAUDA from L-FABP as can 2-5

pM of some endogenous ligands. These fluoro-
chemicals may, therefore, be able to successfully
compete with some natural ligands, i.e. cholesterol
and cholesterol derivatives, for L-FABP binding.
Fatty acids with less than 15 carbons are known
to have a very weak affinity for L-FABP (Bass et
al., 1993); and thus, it is conceivable that they too
may be displaced by fluorochemicals in vivo.
Other natural L-FABP ligands, i.e. long chain
fatty acids, bind with a very high affinity (Bass et
al., 1993) and thus are unlikely to be successfully
displaced by the compounds investigated in the
current study. Direct investigation of fluorochemi-
cal displacement of long, medium, and short-
chained fatty acid and possibly other ligands from
L-FABP may be the focus of future research. The
reversibility of fluorochemical binding to L-FABP
(the ability of DAUDA to displace fluorochemical
from L-FABP) was not investigated in the current
study. This too may be the focus of future re-
search and would help to characterize the poten-
tial interactions of fluorochemicals with L-FABP
n vivo.

The relevance of these data to the mechanism
of peroxisome proliferation-induced by these
fluorochemicals is unclear. However, total liver
PFOS concentrations at which altered lipid
metabolism occurs are approximately 600 ppm
(~1.8 mM) in male rats and approximately 400
ppm (— 1.3 mM) in male cynomolgus monkeys
(Butenhoff and Seacat, 2001; Seacat et al., 2002).
The concentration of free PFOS in the cytosol is
unknown. The estimated solubility of PFOS in a
physiclogical environment, however, based on
studies of PFOS in seawater, is 12.4 pg/ml or
approximately 24.8 uM (Ellefson, 2001), five times
the calculated IC,, for PFOS. L-FABP represents
about — 2.5% of the cytosolic protein in an adult
rat liver (Sheridan et al., 1987). Based on these
data, it is likely that interactions of PFOS with
L-FABP would occur at these concentrations in
vivo.

The recent evidence indicating that certain fatty
acids and eicosanoids activate PPAR« in vitro
supports the idea that PPAR« is activated by
endogenous cellular fatty acids (Maloney and
Waxman, 1999). Thus, displacement of endoge-
nous fatty acids from carrier proteins such as
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L-FABP is one proposed mechanism for PPAR«
activation. Interestingly, PFOA was shown to ac-
tivate PPAR« but not PPARy (Maloney and
Waxman, 1999), which is involved in adipocyte
differentiation and in lipid metabolism in several
tissues. Further investigation into the possibility
of direct activation of PPARs by PFOS and cer-
tain PFOSAs is underway.

In summary, the results of this study support
the hypothesis that PFOS, PFOA, and certain
PFOSAs can interfere with the binding affinity
and/or capacity of L-FABP for fatty acids. The
data indicate secondary site binding of the chemi-
cals to L-FABP; however, binding to the primary
site cannot be ruled out at this time. The relative
effectiveness of the various fluorochemicals to in-
hibit DAUDA binding to control L-FABP was
examined and compared with the potent perox-
isome proliferator; WY. These competitive bind-
ing assays indicated that the most potent
fluorochemical competitor of L-FABP-DAUDA
binding was PFOS, followed in potency by the
competitors N-EtFOSA, WY, and with equal
I1Csys, N-EtFOSE and PFOA. These in vitro data
support the theory that displacement of endoge-
nous ligands from rat L-FABP could contribute
to the mechanism of peroxisome proliferation ob-
served following administration of these fluoro-
chemicals to rats in vivo. Future work may
investigate the reversibility of fluorochemical
binding to L-FABP and the ability of fluorochem-
icals to bind the primary L-FABP binding site.
Examination of long, medium, and short-chained
fatty acid binding to L-FABP and the ability of
fluorochemicals to displace such ligands may also
be the focus of future research. This work will
help determine the relevance of these in vitro data
to the hepatotoxic and hypolipidemic effects of
PFOS, PFOA, and certain related PFOSAs in
Vivo.
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